Energy degradation can be calculated by the quantification of entropy and loss of work and is a common approach in power plant performance analysis. Information about the location, amount and sources of system deficiencies are determined by the exergy analysis, which quantifies the exergy destruction. Micro-gas turbines are prime movers that are ideally suited for cogeneration applications due to their flexibility in providing stable and reliable power. This paper presents an exergy analysis by means of a numerical simulation of a regenerative micro-gas turbine for cogeneration applications. The main objective is to study the best configuration of each system component, considering the minimization of the system irreversibilities. Each component of the system was evaluated considering the quantitative exergy balance. Subsequently the optimization procedure was applied to the mathematical model that describes the full system.
INTRODUCTION
Cogeneration or Combined Heat and Power (CHP) production is the simultaneous production of electricity and useful thermal energy from a single primary energy source. Distributed generation systems, in small and micro-scale applications, are of increasing interest in the energy market, due to their great potential in primary energy savings and reduction of gas emissions. Such power plants can reach an overall efficiency in the range of 80-90%, depending on the prime mover's technology and integration with the heat demand [1] . One of the target markets for CHP applications is the building sector. It is believed that the use of CHP power plants in buildings offers significant benefits to end-users because it is possible to generate income from selling electricity and also by reducing the primary energy consumption [2] . In Europe, cogeneration power plants are being designed to fulfill the thermal energy loads. These systems are adjusted to replace boilers (or other conventional thermal production systems) and, additionally, generate electricity for self-consumption (or feed into the grid).
Cogeneration technologies usually benefit from policies such as subsidized or guaranteed feed-in-tariffs. In 2006, the European Directive 2004/8/EC [3] established a framework for the promotion of high-efficiency cogeneration systems matching the useful heat demand. The directive sets a less restrictive legal scenario for the installation of cogeneration systems in addition to guaranteed revenues on its use. Several technologies such Internal Combustion Engines (ICE), Organic Rankine Cycles (ORC), Stirling engines, Fuel Cells or gas turbines are being applied to cogeneration systems, being the analyzed and optimized the exergy output rate and exergy efficiency performance of an irreversible Carnot cycle cogeneration plant with heat resistance, heat leakage and internal irreversibility. Bilgen [12] performed exergetic and engineering analyses of gas turbine-based cogeneration plants consisting of a gas turbine, heat recovery steam generator and steam turbine. Rodriguez-Toral and co-authors [17] presented an equation-oriented mathematical model for the optimization of combined cycle cogeneration plants using the sequential quadratic programming.
The main objective of this work is the development of an optimization mathematical model applied to a small-scale CHP system, based on a micro-gas turbine as prime mover, running with Natural Gas.
In a previous work, the system was optimized by applying the first law of thermodynamics [20] . In this paper the first and second laws are used to develop an exergy balance for each one of the plant components and integrated into a numerical optimization tool.
This approach differs from others in the literature by defining the objective function as the minimization of irreversibilities, subjected to the thermodynamic constraints of cycle. The optimal plant configuration is defined, as well as, the amount of exergy that is lost at each one of the five system components. The numerical model was run in MatLab® environment, through its optimization toolbox. The level of exergy destruction, and the extent and sources of thermodynamic inefficiencies in thermal system are investigated. A sensitivity analysis of operating parameters of the system is also presented.
CHP PLANT DESCRIPTION
This study is based on a small-scale cogeneration system operating under the Joule-Brayton cycle. This is sized to deliver 125 kW of thermal power to fulfill the base heating load of a medium-size building. Figure 1 illustrates the layout of a micro turbine based CHP system. The turbo machinery and the electric generator are connected to a common shaft rotating at high speed. An inverter couples the high frequency current produced to the grid which enables variable speed operation. For such applications, micro gas turbines require an internal air pre-heater (IPH) or regenerator, to provide a satisfactory electrical efficiency. The thermal energy of the exhaust gases is recovered as heat.
Air is compressed (C) and fed to the regenerator (IPH) before entering the Combustion Chamber (CC) where it is mixed with natural gas.
High temperature expansion of the combustion gases occurs in the Turbine (T). The Exhaust Gases (EG) leaving the turbine are used to pre-heat the incoming air in the IPH and subsequently for the production of hot water in the external heat recovery system, before exiting to the atmosphere. The latter is a Water Heat Exchanger (WHE), where a constant mass flow rate of water is heated from 313 K to 353 K. These temperatures were assumed by considering that water circulates in a closed loop, where the thermal loads results from the cold water from the grid supply and the return 3 Copyright © 2013 by ASME water from the heating system. The system runs on commercial Natural Gas (NG) with a Low Heating Value (LHV) of 47,763 kJ/kg. 
MATHEMATICAL MODEL
In this section, the optimization model and its mathematical formulation are presented. This model includes the definition of the objective function and problem constraints, the identification of the decision variables, and also the optimization algorithm used to reach the optimal solution.
Formulation of Exergy-Rate Balance Equations
Irreversibility can be used to assess the magnitude and the source of thermodynamic inefficiencies in a thermal system. Therefore, the exergy analysis enables the calculation of the efficiency of the system components, by quantifying the entropy generated by each one of the components [21] .
Exergy, by definition, is the maximum useful work that can be obtained from a system at a given state. Exergy accounts for the irreversibility of a process due to entropy production. Exergy is always destroyed in any process and such reduction is proportional to the entropy increase of the system and its environment [13, 22, 23] . Therefore, he inefficiency of a system can be measured by calculating the exergy destruction. The irreversibilities represent the wasted energy that could have been converted into useful work.
For any given component ( Figure 2 ) the exergy fluxes can be described by a general balance equation.
The exergy-balance equations for each component can be derived from the general exergy balance Eq. (1).
where the terms with the subscripts in and out denote, respectively, inlet and outlet exergy associated to the mass flows [21] . Terms with the superscripts Q and W represent the positive cross-boundary thermal and work components of exergy, respectively. The term I represents the rate of exergy destruction or irreversibility rate at each system component. Exergy associated with mass flow can be divided into two main components: physical and chemical exergy.
Physical exergy (
ph E ) is evaluated in terms of pressure ( P ) and temperature ( T ), when a system returns to NPT conditions through reversible processes, such as described in Eq. (2): where T and P are the temperature and pressure at a specific stage in the plant, 0 T and 0 P the reference conditions, R the gas constant and c p the heat capacity [24] . To simplify the calculations, average specific heat capacities were assumed. The mean values were evaluated for each fluid (i.e. air, combustions gases) for a temperature interval lying between the standard temperatures, T 0 , and the gas temperature, T. The mean heat capacity data was obtained from Kotas [21] and is defined according to Eq. (4):
where c p (T) is a polynomial function.
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Copyright © 2013 by ASME Chemical exergy ( che E ) represents the maximum amount of work obtainable when a substance is brought from the environmental stage to the dead stage, by processes involving heat transfer and exchange of substances. Calculation of the chemical exergy for fuels is complex because they are not part of the system of common reference substances in the atmosphere and additional equations for chemical reactions must be included. Also the respective fraction of each reference substance at the mixture shall be considered. Therefore, the chemical exergy can be calculated through Eq. (5):
where R represents the ideal gas constant, 
Objective Function
The objective function is defined as the minimization of the overall irreversibilities of the system, as Eq. (6):
where I is the rate of exergy destruction in each one of the system components. The subscripts correspond to those referred in Figure 1 . The exergy-balance equations for each system component, described elsewhere [25] , are summarized and presented in Table 2 (Eq. 7-14).
The model was developed considering the system components as adiabatic. Also, the mass and energy conservation laws were applied to each system component and they are detailed in [26] .
For the compressor, 1 E and 2 E correspond to the inlet and outlet exergy rates, respectively, and C w is the specific work done during the adiabatic compression of an air mass flow rate, where
is the average specific heat of the air, 2 T the compressor outlet temperature and 1 T the air inlet temperature. The reference temperature is assumed to be 293 K, and the specific ideal gas constant of 287.1 J/kgK.
For the Turbine, 4 E and 5 E correspond to the inlet and outlet exergy rates, respectively, and T w is the adiabatic expansion work of the combustion exhaust gases.
For the IPH, 2 E and 3 E correspond to the inlet and outlet exergy rates of the cold stream in the heat exchanger and, while 5 E and 6 E are the inlet and outlet exergy rates of the hot stream. In this study, the heat losses to environment are neglected.
The chemical exergy of the fuel accounts for the chemical reaction to convert the fuel that reacts with the oxygen in the air, into one or more reference substances (CO 2 and H 2 O). The corresponding exergy associated to the natural gas was found to be 49,583.3 kJ/kg, based on the actual fuel composition of the gas utility and the exergy of each fuel component. The exergy for the reference substances used in the calculations were obtained from literature [21] . 
Also, the chemical exergy of the exhaust gases from the combustion process is calculated by considering the volumetric fraction of the p -th component in the mixture. For this purpose a complete reaction was assumed. The exergybalance equation for the WHE corresponds to the equilibrium between the exergy variation of the hot and cold streams of the heat exchanger, respectively.
The EG exiting the system are not in equilibrium with the dead state. Therefore, an additional region must be included in the analysis to take into account the external irreversibilities resulting from this mixing process. Copyright © 2013 by ASME In those, the exergy loss from gases to the environment includes the latent heat in the gases and the chemical exergy of the products, also shown in Table 2 . In fact, minimizing the exergy loss in the exhaust gases could improve the overall rational efficiency of the CHP system.
Constraints Definition
Eighteen inequality constraints were formulated in order to give physical significance to the mathematical model. These constraints bound the variables within feasible limits of the system operation. For instance, the inlet temperature of the air (T 1 ) is lower than the air temperature at IHP inlet (T 2 ). The turbine inlet temperature (T 4 ) is the highest temperature reached in the system. The high-pressure air is pre-heated upstream the CC, and hence, it is required that the temperatures (T 2 ) and (T 3 ) are lower than that of the exhaust gases (T 5 ).
The difference between the inlet and outlet temperatures in each heat exchanger flow should be limited to ensure the effectiveness heat transfer process between the fluids. In order to allow an effective heat transfer in the IPH and in the WHE, lower and upper limits were defined to guarantee a temperature differential between the two streams. Moreover, it is also important to make sure that the gas exit temperature (T 7 ) is above 363 K in order to prevent condensation in the heat recuperating system.
Besides the constraints related to the temperature variation in the system, the Primary Energy Saving (PES) was also include in the model as an inequality constraint in order to guarantee that the system may be rated as high efficient CHP power plant [3] . According to the European legislation, smallscale cogeneration systems are high efficient if PES index is higher than 10%.
Such constraints will prevent a null pinch solution where entropy minimization could be obtained by not running the facility.
Decision Variables
Six decision variables were selected due to their relevance: the compressor pressure ratio ( Typical bounds, for the electrical power (Eq. (20)), were based on the range of the heat-to-power ratios found in such systems, which defines the relationship between the amount of useful heat and the electricity produced.
Numerical Solution
In the study herein, a local optimization method, the Sequential Quadratic Programming method (SQP), is used in order to solve the constrained optimization problem. SQP [17] is one of the most successful methods for the numerical solution of constrained nonlinear optimization problems. It provides a powerful algorithmic tool for the solution of optimization problems. The idea of SQP is to model the constrained nonlinear problem by a quadratic sub-problem and to use the solution of this sub-problem to find an approximation to the solution of the original problem. SQP is an application of Newton´s method considering the Karush-Kuhn-Tucker optimality conditions. In this sense, the nonlinear problem resembles the Newton and quasi-Newton methods for the numerical solution of nonlinear systems of algebraic equations [27] .
This method requires the definition of an initial point to start the algorithm. The algorithm was run by using the optimization toolbox of MatLab®, through the Fmincon routine. The initial approximation for the six decision variables were given by: C r =4.0; C  = T  =0.85; 3 T =850 K; 4 T =1,200 K and W =100 kW.
RESULTS & DISCUSSION
The convergence criterion was defined at 1.0E-10 for both the objective function and for constraint violation. The simulation converged after 29 iterations and 209 evaluations of the objective function. The optimal solution was found and the objective function converged to a local minimum. The convergence process was found to be independent of the initial approximation. Table 3 shows the optimal values for the six decision variables, which correspond to the optimal CHP plant configuration. The results show the plant configuration that minimizes the irreversibilities corresponds to a micro-gas turbine working with a compressor pressure ratio of 4.145. This value is close to that currently available in the market for micro-gas turbines which, for a single-stage compression, is approximately 4.
The compressor and turbine efficiencies are 86% and 88%, respectively. The compressor and the turbine irreversibilities are directly related with their isentropic efficiency. Therefore, it is reasonable that the optimization solution will converge to the upper bounds of these variables. It is also observed that the air temperature at the internal pre-heater ( Copyright © 2013 by ASME According to Kaiko and Backman [9] , the turbine inlet temperature of micro-gas turbines, typically, varies between 1,070 -1,270 K. In this study, it was obtained a TIT of 1,266.8 K, which is within the reference range.
In addition, for this configuration, the system is able to produce 99.56 kW e assuming a generator efficiency of 93%.
Apart from the compression pressure ratio and TIT, one of the most important parameters in micro-gas turbines is the IPH effectiveness. The IPH is used in micro-gas turbines in order to improve the system efficiency by recovering additional heat from the exhaust gases. For the optimal solution, an IPH effectiveness (defined as the ratio between the heat recovered by the cold stream and the maximum heat available) of 95.6% was calculated. This component is of paramount importance to improve the overall efficiency of gas turbine, particularly for those operating with low compressor ratios. One possible conclusion is that high efficiencies in the IPH and compressor/turbine are crucial for overall plant performance.
From the operation data, the electrical efficiency was also calculated, being obtained a value of 33%. Both values are high when compared to those often found in commercial models: an IPH effectiveness of 90 % and an electrical efficiency within 25 to 31% [26] . The system overall efficiency is 80.04% (based on LHV).
Overall the optimal configuration obtained by the present exergy minimization procedure is similar to that obtained by the authors for the same input conditions following a thermoeconomic optimization based on the first law, as described elsewhere [26] . This is also due to the non-linear constraints imposed in model which limit the evolution of thermodynamic variables. Table 4 summarizes the results concerning some of the thermodynamic properties. The total plant irreversibility was calculated as 170.54 kW. Figure 3 shows the Grassmann diagram depicting the exergy losses through the plant. Figure 3 presents an exergy rate output of 99.56 kW in the form of useful work and 14.88 kW in the form of hot water in the external exchanger. From the results, it can be said that the CC destructs the largest amount of the total inlet exergy into the plant, which is provided by the fuel, at a rate of 281.26 kW of useful exergy. In fact, two highly irreversible processes (combustion and high gradient heat transfer) occur in this component. This observation is in agreement with other authors [15] . The WHE is the plant component where the second highest amount of exergy is wasted. This may be due to the fact that high temperature energy is converted to low temperature heat. A sensitivity analysis should be performed in order to study the influence of heating water temperature in the WHE exergetic efficiency.
Also, the external irreversibilities (nearly 13.4 kW) are a major contribution to the plant inefficiency. This outcome may be related with the model assumptions for the physical system. As previous mentioned, the exhaust temperature (T 7 ) was lower bounded in order to prevent condensation in the heat recuperating system.
The rational efficiency of the plant is a measure of plant performance and it is defined by the ratio of useful exergy output and the maximum input exergy, as Eq. (21):
The rational efficiency was also calculated for each plant component and results are presented in Figure 4 .
The overall rational efficiency of the plant is 40.73%. The Turbine is the system component with highest exergetic efficiency (approximately 96%) followed by the compressor and the IPH.
Although the combustion chamber shows the highest destruction of total exergy, the WHE is the component with lowest efficiency (41%).
In fact, there is a high degradation of the energy in WHE, where the available energy is converted into low temperature water. 
Sensitivity Analysis
A sensitivity analysis was carried out in order to analyze the influence of TIT upon the exergy destruction and rational efficiency. The evaluation was performed considering the optimal operating parameters for three of the decision variables (r C of 4.133, η C of 86% and η T of 88%). Figure 5 shows the influence of the gas turbine inlet temperature on the total exergy efficiency. For the calculations, a range between 1,100 K and 1,300 K for the TIT value was considered. It shows that an increase in TIT leads to an increase in the rational efficiency due to the fact that turbine work output increases. Also, Figure  5 confirms that an increase in the TIT leads to a reduction in exergy destruction. It should be noted that by fixing only 3 out of the 6 decision variables, when varying on of these (TIT), the other two (T 3 and W) are free to change. It results that if the irreversibility drops below the minimum (for TIT above 1,266.8 K) the other two are outside the boundaries defined for the problem. Therefore the optimal solution (table 3) is in fact a minimum. Another important aspect to consider in the analysis is the air inlet temperature (T 1 ). The effect of compressor air inlet temperature on exergy destruction, power output and exergy efficiency of each system component is presented in Table 5 .
The total exergy destruction of the plant increases from 169.6 kW to 174.2 kW. This results in an increase of about 30 W of exergy destruction per degree of temperature increase.
The total exergy efficiency decreases with increasing the ambient temperature. For instance, the total exergy efficiency of the plant decreases from 40.93% to 38.94% for an ambient temperature variation of 15 K. The combustion chamber is the component whose efficiency is most sensitive to the ambient temperature. The exergy efficiencies of the compressor, IPH, combustion chamber, turbine and WHE also decreased with increasing T 1 . Results show that the WHE is the component with the lowest exergy efficiency, decreasing by approximately 13%, while the compressor, IPH, combustion chamber and turbine efficiencies decrease by 0.33%, 0.7%, 0.9% and 0.2%, respectively. Figure 6 shows the effect of the compressor pressure ratio and isentropic efficiency on the total exergy destruction. It is shown that a higher pressure ratios leads to lower exergy destruction in the whole cycle.
By increasing the pressure ratio more useful work is delivered by the plant. Furthermore the increase in isentropic efficiency reduces the frictional losses of the compressor and the overall efficiency of the plant. 
CONCLUSIONS
In this study, the first and the second law of thermodynamics were combined to evaluate the efficiency of a gas turbine cogeneration system. The quality and performance of internal components are included as decision variables. This was done by integrating a full thermodynamic model, considering the physical parameters in the definition of the optimization model, and using the first and the second law of thermodynamics.
A gradient based optimization method was applied to minimize the exergy destruction for a small-scale cogeneration system, based on micro-gas turbine technology. The simulation algorithm was applied in MatLab® environment, through the optimization toolbox.
The optimal solution was obtained considering as the objective function the minimization of the irreversibilities for each component and the irreversibility of the exhaust gases. Regarding the physical model, the most relevant and susceptible variables are the compressor pressure ratio and the turbine inlet temperature.
The exergy balance applied to a process (or a whole power production plant) expresses the amount of usable work potential (or exergy) supplied as the input to the system that has been consumed by its operation. The loss of exergy provides a quantitative measure of process inefficiency. The results showed that considerable exergy destruction occurs in the combustion chamber, which is due to the chemical reaction and the large difference of temperature between the primary zone of the burner and the exiting working fluid, after dilution with air.
The WHE is the system component with lower rational efficiency. A possible explanation is related with the high degradation of the energy in this exchanger that results from converting the available energy into low temperature heat.
In brief, the optimal sizing of micro-gas turbines has a dynamic role in their overall economic viability: decreasing the size typically increases the specific cost of the equipment. As future work, the cost of exergy destruction will be included in the analysis. 
NOMENCLATURE
